Developing fibrous scaffolds with hierarchical structures that closely mimic natural extracellular matrix (ECM) is highly desirable. However, fabricating scaffolds with true nanofibers (< 100 nm) and submicrofibers (< 1 μm) remains a big challenge. In this work, to mimic the fibrillar structure of natural ECM, bacterial cellulose (BC) nanofibers were hybridized with cellulose acetate (CA) submicrofibers for the first time. The interpenetrated nano-submicron fibrous BC/CA scaffold was fabricated using the combined electrospinning and modified in situ biosynthesis method. The BC/CA scaffold has an integrated symmetrical nanostructure in which BC nanofibers (42 nm in diameter) penetrate into the submicrofibrous CA (820 nm in diameter) scaffold. The BC/CA scaffold shows an interconnected porous structure with a high porosity of > 90%. Additionally, the combination of CA submicrofibers with BC nanofibers leads to significantly improved mechanical properties over nanofibrous BC and submicrofibrous CA scaffolds and enlarged pores over nanofibrous BC scaffold. In addition, the biological behaviors of prepared BC/CA on MC3T3-E1 cells were investigated. Results suggested that BC/CA scaffold is beneficial for cell migration and proliferation. Moreover, the BC/CA scaffold shows higher alkaline phosphatase (ALP) activity, and calcium depositions. In addition, the hierarchical structures can effectively improve the expression of osteogenic gene (ALP mRNA and Runx2 mRNA) and protein (ALP). We believe that the methodology might provide biomimetic morphological microenvironments for enhanced tissue regeneration.
Introduction
Porous scaffolds that structurally mimic human extracellular matrix (ECM) are highly desired for cellular attachment, proliferation, and differentiation such that the goal of tissue engineering, namely regenerating defective or damaged tissues and organs, can be realized [1, 2] . It has been well documented that the fibrillar structure of collagen with a diameter range of dozens to hundreds of nanometers is important for cell adhesion and proliferation [3] [4] [5] [6] and this dimensional feature has become the model for man-made scaffolds. In other words, an ideal scaffold should possess both nano-and submicron-sized fibers. Previous studies demonstrated that a nanofibrous scaffold could serve as a better environment for cell function [6] [7] [8] and cells could attach and organize better around the nanoscale materials than their microscale counterparts [7, 8] . However, not only are nanofibrous scaffolds usually weaker than microfibrous scaffolds [9] , but they also possess smaller pores. Therefore, the nano-micro-fibrous scaffold that combines both nano-and microfibers in the same construct is anticipated to result in different responses compared to single nanofibrous or microfibrous scaffolds. To this end, various methods such as electrospinning [10] [11] [12] , textile technique [13] , self-assembly [11] , thermally induced phase separation [2] , and their combinations have been developed to fabricate nano-micro-fibrous scaffolds. Usually, these methods involve a two-step process. First, a microfibrous scaffold is fabricated, followed by loading of nanofibers using electrospinning method. The two-step process often results in a multilayered structure [12, 14] instead of an integrated nano-micro-fibrous scaffold. In other words, the nanofibers and the microfibers do not penetrate into each other. In addition, the so-called nano-micro-fibrous scaffolds often consist of submicrofibers and microfibers, which differ from natural ECM consisting of nanofibers (diameter < 100 nm) and submicrofibers (diameter < 1 μm). Therefore, seeking a new methodology for the fabrication of true nano-and submicro-fibrous scaffolds is of great importance for tissue engineering and regeneration medicine. In our previous work, a nano/submicrofibrous scaffold was prepared via a dispersion freeze-drying technique by which nanofibrous bacterial cellulose (BC) and submicrofibrous electrospun cellulose acetate (CA) were cut into small pieces and then mixed [15] . However, the obtained nano/submicrofibrous scaffold with nano-and submicro-fibrous fragments broke the intrinsically three-dimensional (3D) structure of BC and integrated CA fabric, which resulted in low mechanical strength (tensile strength lower than 200 kPa). In order to retain the advantageous 3D structure of BC and construct an integrated nano/submicrofibrous scaffold consisting of continuous nano-and submicro-fibers, alternative method should be developed. To our best knowledge, however, there is no report on the design and fabrication of nanosubmicro-fibrous scaffolds with interpenetrated structure, resembling natural ECM.
Herein, unlike our previously reported method that produced mechanically weak scaffolds [15] , we report the preparation of a nanoand submicro-fibrous (N-sM-F) scaffold consisting of BC nanofibers with a diameter smaller than 100 nm and submicrofibers of electrospun CA in the range of a few hundreds of nanometers. These scales are similar to the dimensions of fibers in human ECM. The submicrofibrous CA scaffold was first prepared by electrospinning technique. The BC nanofibers were then totally impregnated into the submicrofibrous template using a modified in situ biosynthesis process, namely a membrane-liquid interface culture (MLIC) method [16] [17] [18] [19] . The asprepared N-sM-F BC/CA scaffold shows interpenetrated nano (42 nm) and submicron (820 nm) fibrous structure. In addition, it contains both nanopores and macropores (≥50 μm according to literature [20] ) with improved mechanical properties owing to the entangled nanofibers and submicrofibers. More importantly, the novel BC/CA scaffold exhibits enhanced cell proliferation, alkaline phosphatase (ALP) activity, and gene and protein expressions over single BC and CA scaffolds.
Materials and methods

Preparation of submicrofibrous scaffolds
CA (Mn = 4.0 × 10 4 g/moL), supplied by Shanghai Aladdin Bio-Chem Technology Co. Ltd., Shanghai, China was used for electrospinning. The electrospinning experiment was carried out at 40% relative humidity and temperature of 25-30°C. Three CA solutions with concentrations of 10, 15, and 20 wt% were obtained by dissolving CA into acetone/acetic acid mixture with the volume ratio of 1:1 under constant stirring. The solutions were fed into a plastic syringe with a metal needle tip which was driven by a syringe pump. The applied voltage was kept at 10 kV, the flow rate was 5 mL/h, and the tip-to-collector distance was 15 cm.
Preparation of N-sM-F BC/CA scaffold
The N-sM-F BC/CA scaffold was prepared by the MLIC method. The detailed process was reported in our previous studies [16] [17] [18] . Briefly, a BC pellicle around 1 mm in thickness was first prepared by conventional static culture method. The culture medium was composed of 2.5% (w/v) glucose, 0.75% (w/v) yeast extract, 1% (w/v) tryptone, and 1% (w/v) Na 2 HPO 4 and sterilized at 121°C for 30 min, as described previously [21] [22] [23] [24] . The bacterial strain was Komagataeibacter xylinus X-2. The obtained thin BC pellicle was used as the substrate for the preparation of BC/CA scaffolds. Typically, the electrospun CA submicrofibrous scaffold was placed on top of the BC pellicle. The MLIC process started with spraying the culture medium into the CA submicrofibrous scaffold standing on BC substrate followed by in situ BC growth within CA scaffold until the completion of BC growth. Immediately afterwards, the second cycle of spraying and growing initiated. The spraying and growth cycle stopped when the fifth cycle was completed. The harvested BC/CA scaffold (with a BC mass content of 12.7% measured by weight method) was purified by soaking in deionized water at 90°C for 2 h, boiled in a 0.5 M NaOH solution for 15 min, and then washed several times with abundant deionized water until neutrality. The same procedure was also employed to produce a bare BC scaffold for control.
Characterization methods
BC, CA, and BC/CA scaffolds were sputter-coated with gold and analyzed by scanning electron microscopy (SEM, FEI Nano 430) and transmission electron microscopy (TEM, JEM-2100F). The average fiber diameter was measured using the Nano Measure1.2 software by randomly selecting at least 100 fiber segments as reported in our previous work [25, 26] . X-ray diffraction (XRD) analysis was conducted to determine the crystalline structure of scaffold materials using a Rigaku D/ max 2500 X-ray diffractometer using Cu-Kα radiation (λ = 0.154 nm). The crystallinity index (C I ) was calculated by Segal's method [27] . Fourier transform infrared spectroscopy (FTIR) was performed using a Perkin-Elmer Spectrum One spectrometer. Thermogravimetric analysis (TGA) was conducted on a PerkinElmer Instruments Diamond TG/DTA by heating 10-15 mg of sample from room temperature to 600°C at 20°C/min under a N 2 flow of 100 mL/min. Pore size distribution was determined using a mercury intrusion porosimeter (PoreMaster 60GT, Quantachrome Instruments). Water contact angles of BC, CA, and BC/ CA (after pressing at room temperature) were measured using contact angle meter (Drop Master 300). The water uptake ability (W A ) was measured following our previous work [28] . Briefly, the dried samples were weighed (W 0 ) and then thoroughly immersed in simulated body fluid (SBF) to reach complete swell-up. The samples were then gently withdrew using tweezers and placed on the petri dish to remove the surface water and then weighed (W t ). The water uptake was calculated using the following equation [29] .
Mechanical (tensile) tests were conducted using a micro-electromagnetic fatigue testing machine (MUF-1050, Tianjin Care Measure & Control Co., Ltd., Tianjin, China) with rectangular samples (10 × 5 × 2 mm 3 ) at a strain rate of 0.083 mm/s in each case. At least five specimens were tested for each sample, and the averages and standard deviations were reported.
Cell studies
Cell culture and seeding on scaffolds
The mouse embryo osteoblast precursor (MC3T3-E1) cells obtained from Shanghai Ninth People's Hospital (Shanghai, China) were used in this work. The MC3T3-E1 cells (passaged to the fourth generation) were cultured in MEM/EBSS (Minimum Eagle's medium/Earle's Balanced Salt Solution) medium supplemented with 10% fetal bovine serum (FBS) in a humidified incubator with 5% CO 2 at 37°C. The culture medium was renewed every other day.
The circular scaffolds with a thickness of 1 mm and a diameter of 15 mm were sterilized at 121°C for 30 min (LDZX-30KBS, Shen an, China) and then placed into 24-well culture plates and seeded at a cell density of 1 × 10 4 cells per well, followed by the incubation at 37°C in a 5% CO 2 incubator at 80-90% humidity. The scaffolds were taken out at specific intervals to examine cell proliferation via live staining, SEM, confocal laser scanning microscopy (CLSM, TCS SP8, Leica, Germany), and cell counting Kit-8 (CCK-8). 
Cell attachment and morphology
After culture under the above-mentioned conditions, the scaffolds were rinsed with PBS (phosphate buffered saline) and then stained with live staining reagent (Fluorescein diacetate). After incubation for another 30 min, the stained cultures were viewed using a fluorescence microscope (TS2, Nikon, Japan) and the aforementioned CLSM.
To observe the attached cells on the scaffolds after 5 days of seeding, rhodamine phalloidin (Molecular Probe, Sigma-Aldrich) was used to stain cytoskeletons and 40,60-diamidino-2-phenylindole (DAPI, Molecular Probe, Sigma-Aldrich) was used to stain nuclei. The cell/ scaffold constructs were washed gently with PBS three times followed by fixation using 4% paraformaldehyde. The cells were then permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed again with PBS three times. Subsequently, the cells were incubated with rhodamine phalloidin for 30 min. After washing with PBS again, the cell nuclei were stained with DAPI. The cell morphology was visualized using the aforementioned fluorescence microscope.
The cell morphology was also characterized by SEM. After incubation for 3 days at 37°C in a humidified atmosphere containing 5% CO 2 , MC3T3-E1 cells were fixed with 2% glutaraldehyde solution at 4°C for 12 h, dehydrated in a graded series of ethanol (50, 60, 70, 80, 90, 95, and 100%), coated with a layer of gold, and observed by SEM.
CCK-8 assay
The cell proliferation was evaluated by CCK-8. First, cells were maintained in Dulbecco's modified eagle medium (DMEM, Hyclone) with 10% fetal bovine serum (FBS, Hyclone) at 37°C in a 5% CO 2 incubator. Prior to cell seeding, scaffolds were sterilized as described above. Afterwards, the scaffolds were pre-soaked in DMEM for at least 12 h followed by incubation in 24-well tissue culture plates for 1, 4, and 7 days at 37°C in a 5% CO 2 incubator. Following incubation, 50 μL of CCK-8 reagent (Solarbio) was added to each well and plates were incubated in darkness for 4 h at 37°C. Finally, the culture medium was transferred to 96-well plates and the absorbance was read at 450 nm using microplate reader (iMark, Bio Rad, USA).
Alkaline phosphatase (ALP) activity assay and ALP staining
The ALP activity of MC3T3-E1 cells cultured on BC, CA, and BC/CA scaffolds for 7 and 14 days was measured using a BCIP/NBT alkaline phosphatase color development kit (Beyotime, China), following our previous procedure [30] [31] [32] .
To further estimate osteogenic differentiation, ALP staining was conducted. 2 × 10 4 cells were cultured on scaffolds and ALP staining was performed at day 7 and 14. After washing the scaffolds with warm PBS three times, cells were fixed with ALP stationary liquid (Leagene, China) for 15 min. The cells were subsequently stained with ALP staining reagent, according to the manufacturer's protocol (Tiangen Biotech Co., Ltd., Beijing, China). Pictures were captured with the TS2 microscope (Nikon, Japan).
Calcium deposition and Alizarin red S staining
To detect calcium deposition, Alizarin red S (ARS) staining of MC3T3-E1 cells was performed after cultured on scaffolds for 14 days. The scaffolds with attached cells were washed three times with PBS (pH 7.4), and fixed with 4% paraformaldehyde for 15 min. After washing three times again with PBS, the scaffolds were stained with ARS (50 mM) for 30 min at 37°C. Afterwards, the excess dye was washed off with distilled water, and the scaffolds were examined under the optical microscope mentioned above. For quantitative assessment, the calcium ions were dissociated with 10% Cetylpyridinium chloride (Herochem, China), and OD values were detected at 570 nm.
Real time PCR
The scaffolds were placed in 0.5 mL of pre-cooled Trizol to obtain total RNA on day 7 and 14. Complementary DNA (cDNA) was reverse transcribed from extracted RNA using a TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix Kit (Transgen Biotech, China). Endpoint polymerase chain reaction (PCR) was prepared with TransScript II Green One-Step qRT-PCR SuperMix (Transgen Biotech, China) to determine mouse gene expression of GAPDH (F: GTAAGAA ACCCTGGACCACCC, R: AGGGAGATGCTCAGTGTTGG), ALP (F: CCCA CAAGAGCCCACAAT, R: AACGGCAGAGCCAGGAAT) and Runx2 (F: GACTGTGGTTACCGTCATGGC, R: ACTTGGTTTTTCATAACAGCGGA). Real time PCR was performed in MJ Research Thermocycler equipped with an Applied Biosystems™ and temperature probe. After an initial denaturation for 10 min at 95°C, PCR was performed for 40 cycles. Each cycle consisted of denaturation at 95°C for 1 min, primer annealing and primer extensional for 30 s. A final 5 min extension step at 60°C was performed. Finally, 2 −(ΔΔCT) method was applied to calculate relative quantification.
Western blotting
Cells were seeded on BC, CA, BC/CA scaffolds for 7 and 14 days. The culture medium was then removed and cells were washed with warm PBS three times followed by addition of 100 μL of mixing solution of RIPA and PMSF (Solarbio, China), and complete lysis of the cells for 10 min. The total protein was kept at 1 μg/μL. Then protein electrophoresis was performed in PAGE gel and transferred to PVDF membranes. The membranes were blocked with 3% skimmed milk and then hybridized using diverse primary antibodies. The rabbit-derived ALP anti-body (AB3242, Abways, China) and mouse-derived GAPDH (AB0036, Abways, China) incubated at 4°C overnight. The next day, goat anti-rabbit and goat anti-mouse second antibody (Jackson, America) were incubated for 1 h at room temperature. The pictures were obtained with Tanon Imager (5200, China).
Statistical analysis
All experiments were repeated at least three times. The experimental data was analyzed using an SPSS system to generate mean values and standard deviations (SD). A p-value of < 0.05 was considered statistically significant.
Results
Preparation of N-sM-F BC/CA scaffold
The typical fabrication process for the N-sM-F BC/CA scaffold is schematically illustrated in Fig. 1 . The whole process includes three steps: preparation of a submicrofibrous CA scaffold by electrospinning, preparation of a BC substrate by a conventional static culture method, and preparation of a BC/CA scaffold by MLIC method. During the MLIC process, a submicrofibrous CA scaffold with a thickness of 1 mm was placed on the BC substrate. The porous structure of submicrofibrous CA scaffold allows for the penetration of nebulized culture medium into its inner area. More importantly, the presence of numerous pores (larger than the size of Komagataeibacter xylinus X-2, around 0.5 μm in diameter and 2.5 μm in length) enables the penetration of bacterial cells and the in situ growth of BC fibrils inside the CA submicrofibrous scaffold, originating an integrated nano-submicron-structure. The pores allow for the diffusion of oxygen, which is necessary for the in situ biosynthesis within the pores. The interconnected pores in submicrofibrous CA scaffold enable the BC fibrils to stretch across CA submicrofibers, leading to interweaved and interpenetrated nano-submicro-structure.
Morphology and structure
The morphologies of BC, CA, and BC/CA scaffolds were observed by SEM. Fig. 2a confirms the typical porous structure of white BC scaffold, which agrees with our previous reports [17, 18, 24] . Fig. 2b shows its average diameter of 41.89 ± 1.41 nm. Although, macroscopically, there is no difference (insets in Fig. 2c and Fig. S1a and b) CA fibrous scaffolds prepared at 10, 15, and 20 wt%. Fig. S1 confirms that CA solutions of 10 and 20 wt% are not suitable for electrospinning. At 10 wt% concentration, CA is electrospun into beads rather than fibers ( Fig. S1a ) similar to a previous report [33] . At 20 wt% concentration, there are stretched beads on fibers ( Fig. S1b) . At the optimum CA concentration of 15 wt%, fibrous feature is evident and the fiber surface is smooth (Fig. 2c ). Fig. 2d demonstrates that its average diameter is 820 ± 10 nm. Fig. 2e reveals a combination of BC nanofibers and CA submicrofibers. A typical TEM image (Fig. 2f ) reveals the close entanglement between BC nanofibers and CA submicrofibers. To demonstrate the cross-sectional structure, both BC and BC/CA scaffolds were fractured at 77 K and observed by SEM. Fig. 2g&h reveals the similar entanglement in the core area of BC/CA scaffold. This suggests that the interpenetrated structure is present throughout the BC/CA scaffold. FTIR spectra of BC, CA, and BC/CA are presented in Fig. 3a . The broad band between 3100 and 3700 cm −1 is due to the -OH stretching. The intense band at 2919 cm −1 is due to -CH 2 stretching. The band at 1644 cm −1 is due to the stretching of H-O-H [34] . In CA, there is another intense peak at 1740 cm −1 , which is due to carbonyl peak (ν C=O ) [33] . The absence of the carbonyl peak in BC/CA is due to the complete deacetylation reaction between C=O and NaOH during purification process (using NaOH solution) [33] . The occurrence of this deacetylation can be confirmed by the weaker -OH band of CA as compared to BC/CA and BC. It is noted that no extra peak is found in the FTIR spectrum of BC/CA, indicating that there is no chemical interaction between BC and CA.
The XRD results are presented in Fig. 3b . Similar to our previous studies [17, 18, 23] , BC shows three peaks at 14.2, 16.6, and 22.8°, which correspond to (110), (110), and (200) planes of cellulose I, respectively [18, 35, 36] . The calculated crystallinity index (C I ) of BC is 87.6%. BC/CA shows a similar XRD pattern to BC with a C I of 66.4% while CA pattern only shows a broad peak at 22.5°, indicating a poor crystalline structure with a low C I value of 52.1%.
The thermogravimetric analysis (TGA) of BC, CA, and BC/CA was performed and the results are displayed in Fig. S2 (Supporting Information). The analysis of TGA results is detailed in the Supporting Information. The TGA results indicate that BC has the best thermal stability, CA shows the worst thermal stability, and BC/CA lies in between.
As nitrogen adsorption-desorption isotherms can accurately measure pore size at the meso-scale, we evaluated the pore structure of BC, CA, and BC/CA scaffolds with mercury intrusion porosimetry which can measure large pores at the micron scale. As displayed in Fig. 4a , there are some nanopores in BC scaffold. In addition, there are some micron-scaled pores with dominant pore size at 2.5 μm and the largest fraction of pores is in the range of 6-40 μm. In the case of CA scaffold (Fig. 4b ), no nanopores are noted. The largest fraction of pores is in the range of 10-150 μm and the porosity of CA scaffold is around 88.6%, which is smaller than the favorable value of 90% [20] . The BC/CA scaffold exhibits both nanopores and a large number of macropores (Fig. 4c ). The largest fraction of pores is in the range of 10-150 μm and there are many pores larger than 75 μm, which falls into the favorable pore size range of 75 to 250 μm for bone tissue engineering [37] . Furthermore, its porosity is 92.1%.
The mechanical properties of these scaffolds were measured by tensile testing. Fig. 5 shows the typical stress-strain curves, tensile strength and modulus as well as strain at break. The stress-strain curves (Fig. 5a ) are typical for porous scaffolds [38] . As shown in Fig. 5b , compared to BC (0.66 ± 0.13 MPa) and CA (0.72 ± 0.09), BC/CA exhibits the highest tensile strength (0.81 ± 0.02). Fig. 5c demonstrates that the tensile modulus of BC/CA is close to that of CA, both with values higher than BC. As expected, the strain at break shows an opposite trend as compared to tensile strength (Fig. 5a ).
Wettability is important for scaffold materials, influencing the interaction with cells in a complex way. On the one hand, hydrophilicity is believed to mimic the ECM and favor cell adhesion, growth, and proliferation; on the other hand, protein adsorption is favored in hydrophobic surfaces and may promote cell adhesion [39, 40] . In this work, we determined the contact angles of BC, CA, and BC/CA scaffolds. As shown in Fig. S3a , BC shows a low contact angle of 34.5 ± 1.7°, due to the existence of large amount of surface hydroxyl groups. Unexpectedly, CA exhibits an ultralarge contact angle of 123.6 ± 12.5°. The unexpected high contact angle of electrospun CA scaffold was also reported by other researchers such as Barnthip and Muakngam (128.6°) [41] and Sultana and Zainal (120°) [42] . The hydrophobic nature is likely related to the decreased -OH groups on electrospun CA as a result of acetylation. Note that BC/CA has a value of 43.4 ± 6.0°. The considerable decrease in contact angle of BC/CA over CA can be ascribed to the deacetylation of CA scaffold during purification in NaOH solution, which results in more hydroxyl group exposure, consistent with the FTIR analysis (Fig. 3a) .
The water-uptake ability, W A , is important for the absorption of body fluid and the exchange of nutrients and cellular waste products through the scaffolds [43] . Fig. S4b compares the W A as a function of time for BC, CA, and BC/CA. BC has the fastest water-uptake rate with the largest W A (99.2%), while CA shows the lowest W A of 77.7%. As expected, both the water-uptake rate and W A of BC/CA lie between BC and CA. The highest W A of BC is likely due to its best hydrophilicity, as shown by contact angle measurement. The lower W A of CA than BC is assigned to the acetyl groups and therefore reduced number of hydroxyl groups than cellulose.
Biological behavior
To investigate the cell viability and distribution of MC3T3-E1 seeded in BC, CA, and BC/CA scaffolds, live staining was carried out. Fig. 6C reveals that the MC3T3-E1 showed good morphology and the number continuously increased within 7 days culture for all scaffolds. In addition, the cells can be observed not only on surface of scaffolds, but also the layers inside (Fig. 6D) . The CLSM images reveal great difference in cell penetration into the scaffolds. Cells stay only on the surface of BC scaffold while a large number of cells penetrate into BC/ CA and CA scaffolds, which means cells can grow well in the entire BC/ CA and CA scaffolds. This suggests that BC/CA and CA are more favorable for cell migration than BC scaffold. Fig. S4 compares the fluorescence images of cytoskeletons and nuclei stained with rhodamine phalloidin and DAPI, respectively on BC, CA, and BC/CA scaffolds. Note that more cells are adhered on the surface of BC/CA scaffold than on single BC and CA scaffolds and cells on BC/CA stretch better than BC. This result agrees well with live staining, indicating that BC/CA has better biocompatibility as compared to BC and CA scaffolds.
The morphologies of MC3T3-E1 cells were observed by SEM after 4 days culture. Fig. 6B demonstrates that cells do not penetrate through the nanofibrous BC scaffold at all, which spread well on the top layer and are closely attached to the BC scaffold. Furthermore, the cells exhibit a favorable fusiform morphology with many lamellipodia, which adhere closely to the scaffold surface. In the case of CA scaffold, fewer cells are observed on the top as compared to BC scaffold, but cells are observed inside the CA scaffold ( Fig. 6B ), in line with CLSM observation (Fig. 6D ). In addition, this image does not show wide cell spreading or obvious lamellipodia, although cells are noted under the top layer of the CA scaffold. Moreover, cells adhered on individual fibers do not spread across neighboring fibers. In the case of BC/CA scaffold, cells adhere well and form clusters. Furthermore, unlike CA with only submicrofibers, BC/CA scaffold not only promotes cell penetration inside the scaffold but also facilitates the formation of cell filopodia extending at the leading edges on and beneath the top layer (Fig. 6c) .
To quantitatively compare cell responses to BC, CA, and BC/CA scaffolds, cell viability was evaluated by CCK-8 assay. As shown in Fig. 6A , the optical density (OD) increases rapidly with culture time in all cases, agreeing with live staining results. This result indicates that cells are viable and proliferate well, suggesting that BC, CA, and BC/CA scaffolds possess excellent biocompatibility. More importantly, BC/CA scaffold shows the highest OD values among three scaffolds on day 1, day 4, and day 7.
In order to confirm the nano/submicron fibrous scaffold for the osteogenic response, we also measured the expression of ALP. ALP studies were performed with MC3T3-E1 cells to determine the different osteogenic responses of these cells on different scaffolds. Fig. 7a shows more ALP deposition in BC/CA scaffold as compared to CA and BC scaffolds. The quantitative analysis of ALP deposition and ALP activity, as shown in Fig. 7b -c, reveals that more ALP deposition and higher ALP activity are obtained on BC/CA scaffold than BC and CA scaffolds after 7 and 14 days of incubation. ARS staining was used to determine calcium deposition of MC3T3-E1 cells which indicates osteogenesis mineralization later than ALP activity. As shown in micrographs of the calcium deposition assay (Fig. 7d ), more red mineral depositions are observed on BC/CA than BC and CA, suggesting that BC/CA possesses improved mineralization ability than BC and CA.
The ALP mRNA expression of MC3T3-E1 cell was used to further investigate the effects of scaffold on the osteogenic response. Results suggested that the Fold change of ALP mRNA on BC/CA is about 6 and 1.5 folds higher than BC and CA scaffolds, respectively, at day 7. Furthermore, ALP mRNA of BC/CA group is about 8.5 and 1.5 folds higher than BC and CA scaffolds, respectively, at day 14. Additionally, Runx2 is the key transcription factor regulating bone precursor cell differentiation into osteoblast in the middle and late stages of bone development. In our study, there was no significant difference in Runx2 mRNA between the groups cultured for 7 days (Fig. 8b) . Interestingly, the Runx2 gene expression of BC/CA scaffold is 1.6 folds higher than that of BC scaffold on day 14 (Fig. 8b) . These finding confirms that Runx2 participates in osteogenic differentiation and maturation during osteogenesis. Moreover, the expression of ALP protein on BC/CA scaffold is also significantly higher than the other two groups at two time points ( Fig. 8c and d) .
Discussion
Native ECM in human tissues and organs such as bone, cartilage, ligament, and skin possess a complex hierarchical network structure consisting of fibrous proteins and proteoglycans with varying diameters ranging from tens to hundreds of nanometers [44] . Such morphological cues have significant effects on cell behavior [45, 46] . The scaffold is a temporal template for cell attachment, spreading, and proliferation fulfilling the functions of generating native ECM and finally a native tissue [46] . In this context, the fabrication of artificial scaffold with hierarchical structures becomes a hot topic [11] . Previous studies reported the fabrication of submicro-micro fibrous scaffolds by electrospinning [46, 47] and other methods such as two-step freeze-drying [48] . Electrospinning has been proven to be a versatile and efficient method to fabricate a provisional biomimetic scaffold composed of submicro-to micro-scale fibrous scaffolds. However, several challenges still remain when fabricating hierarchical nano-submicro fibrous scaffolds by this technique. One of the biggest challenges is to make electrospun nanofibers with a diameter identical to the size of native ECM fibers (10-50 nm) [11] . In the present study, to more closely mimic the fiber dimensions of natural ECM, we fabricated a novel N-sM-F scaffold in which the BC nanofibers have an average diameter of 42 nm and the CA submicrofibers show an average diameter of 820 nm. Therefore, the diameters of fibers in the BC/CA scaffold can, to a greater extent, close to those of collagen fibrils in native ECM as compared to previous submicro-micro fibrous scaffolds [8, 10, 15, 49] . Not only are the fiber dimensions are close to natural ECM, but also the N-sM-F scaffolds possess advantageous pore structure.
It is well accepted that fiber diameter and pore structure are two essential considerations in the development of scaffolds for tissue engineering. To allow cell migration and infiltration to occur, the pore size of a scaffold should be large enough. In the case of BC scaffold, it does not contain macropores, the largest fraction of pores being 6-40 μm. Such pore size is not large enough for the ingrowth of bone tissues [37] , although its porosity is very high (95.4%), which is confirmed by SEM and CLSM results, showing only surface spreading of cells. However, SEM observation confirms that cells do not penetrate through the nanofibrous BC scaffold at all. The results of our present study agree very well with those of previous studies. For instance, Badami et al. claimed that small fibers inhibited cellular infiltration [50] . All these results agree well with the common notion that small fibers inhibit cellular infiltration into the depths of the BC scaffold [50] due to the small pore diameter [47] . It is worth noting that obvious lamellipodia is noted, which adheres closely to the scaffold surface (Fig. 6B ). This may suggest that the true nanofibrous morphology promotes cell attachment and spreading on scaffold surfaces.
In the case of CA scaffold, it has submicron-sized fibers and the pore size distribution result (Fig. 4b ) confirms the existence of macropores, which are believed to promote cellular infiltration as confirmed by SEM and CLSM observations. Although cells penetrated deep into the CA scaffold, they do not spread across neighboring fibers. Such behavior may result from a large interfiber distance in the CA scaffold, which does not permit cell adhesion across the neighboring submicrofibers [46] . Interestingly, the BC/CA scaffold not only possesses macropores (to allow cell penetration), but also retains the nanofibrous morphology of BC and submicrofibrous morphology of CA, which closely mimics the native ECM structure. In other words, the BC/CA scaffold has the most suitable pore size distribution among the three scaffolds since both nanopores and macropores are necessary in tissue engineering scaffolds [51] . Nanopores facilitate the adsorption of proteins, promote cell adhesion and the formation of filopodia [51] , serve as localized reservoirs of nutrients and growth factors, and enhance tissue oxygenation [52] [53] [54] . The macropores allow cellular infiltration into the scaffold and facilitate diffusion of nutrients during in vitro culture [50] . Therefore, the BC/CA scaffold combines the advantages of nanofibrous BC (large surface area) and submicrofibrous CA (large pores). This is in line with the cell studies. CCK-8 assay proves that the cells on the BC/ CA scaffold exhibit more robust growth and proliferation as compared to the cells on BC and CA scaffolds (Fig. 6A) . The cell morphology on BC/CA confirms that the cells on the BC/CA scaffold adhere along CA submicrofibers and interact with the surrounding BC nanofibers (Fig. 6B ). PCR and Western blotting experiments (Fig. 8 ) confirm the enhanced expressions of ALP, ALP mRNA, and Runx2 mRNA. Therefore, we may conclude that BC/CA scaffold can promote the differentiation of osteoblast precursor cells into osteoblasts. This is consistent with the results of cellular ALP activity, ALP staining, and ARS staining (Fig. 7) . Altogether, these results confirm that the nanofibers in the BC/ CA scaffold promote cell attachment and lamellipodia formation, provide contact guidance for cell attachment, proliferation, and differentiation, and enhance the interaction of cell-ECM and cell-matrices [11, 55] as they can provide an extremely high surface-to-volume ratio for the anchoring of cells [56] . On the other hand, the submicrofibers in the BC/CA scaffold facilitate cell attachment and their large pores promote cell infiltration into the scaffolds and mass transport. Therefore, the BC/CA scaffold combining BC nanofibers and CA submicrofibers is able to provide more favorable support for cell seeding, growth, adhesion, proliferation, and gene and protein expressions than either BC or CA scaffold alone.
In addition to the morphological features including fiber diameter and pore structure of a scaffold, the mechanical properties of a scaffold are also important. Ideally, a scaffold should provide a stable surface for cell residence and maintain sufficient biomechanical support [46] . As revealed by SEM observation, the BC nanofibers and CA submicrofibers are closely interweaved and interpenetrated, forming a close entanglement between the two components ( Fig. 2e and h) . Such integrated nano-submicron-structure is different from previous layered structure [12, 14, 15] and is beneficial to the enhancement of the mechanical properties of BC/CA scaffold. Such entanglement mechanism was also reported by other researchers to interpret the mechanical properties of CNT aerogels [57] . The formation of the interpenetrated structure is due to the deposition of culture medium in the pores of submicrofibrous CA scaffolds, which leads to in situ biosynthesis (i.e., BC growth). Furthermore, FTIR results indicate that there is no chemical interaction between BC and CA, suggesting that the formation of BC/CA is through bare mechanical entanglement between the two components. The highest tensile strength of BC/CA among three scaffolds ( Fig. 5b) suggest that there is a synergistic effect between BC and CA, which can be explained by the close mechanical entanglement between BC nanofibers and CA submicrofibers. It is also believed that the nanofibers in the BC/CA scaffold can provide a lot of contacts and/ or physical junctions with the submicrofibers (as indicated by circles in Fig. 2f ), and thus act as physical crosslinks [49] , which also contribute to the improved mechanical strength of BC/CA over single BC and CA. These results infer that the hybridized structure consisting of submicron-sized fibers and well-entangled nanofibers can be very effective in stress transfer. It is believed that the higher mechanical strength of BC/CA than BC and CA is beneficial to the cell functions when used as bone scaffolds which need higher strength than soft tissues.
The ALP activity and calcium mineralization results confirm more ALP and calcium depositions, higher ALP activity, and more gene (ALP mRNA and Runx2 mRNA) and protein (ALP) expressions on the BC/CA scaffold as compared to BC and CA scaffolds. In other word, the combination of nanofibers and submicrofibers results in enhanced osteogenic differentiation. This can also be attributed to the unique nano/ submicron fibrous structure, which facilitates contact between osteogenic fluid and proliferated and infiltrated cells [58] .
Although further investigation is required to assess the in vivo behavior of the three scaffolds, the in vitro results are sufficient to conclude that a scaffold with nano/submicrofibers can provide the favorable environment for cell attachment, spreading, migration, proliferation, osteogenic differentiation and is a promising candidate for bone tissue engineering and regeneration medicine.
Conclusions
A nano/submicrofibrous BC/CA scaffold has been successfully fabricated via a combined electrospinning and MLIC (in situ biosynthesis) method. Morphology observation by SEM indicates that the as-obtained BC fibers have an average fiber diameter of 42 nm, which is the low limit of natural collagen fibers, while the CA fibers have an average diameter of 820 nm, which is comparable to the upper limit of natural collagen fibers. The BC/CA scaffold combines the nanofibrous BC and submicrofibrous CA. In addition, it shows multiscale pore structure of nanopores and macropores. Thanks to the close entanglement and numerous physical contacts between CA and BC fibers, improved mechanical properties of BC/CA scaffold are achieved compared to BC and CA scaffolds. Cell studies demonstrate that the co-existence of nanofibers and submicrofibers as well as nanopores and macropores not only increases cell attachment and spreading but also promotes cellular migration into the scaffold. More importantly, the BC/CA scaffold also shows enhanced cell proliferation and osteogenic differentiation over single BC and CA scaffolds. Our results have demonstrated that the scaffold with closely biomimetic morphological structure can provide favorable microenvironments for cells. 
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